The optical and electrical properties of "tilted" and "spiral" indium tin oxide (ITO) thin films are reported. The influence of the flux incident angle on the optical and electrical properties is investigated. When the flux incident angle is increased, both the refractive index and extinction coefficient of the film are decreased, but the resistivity is increased. Thus, the physical properties of the film can be modified over a wide range by adjusting the flux incident angle and substrate rotation scheme. It is suggested that the oblique angle deposition technique provides ITO films with more application possibilities by allowing their optical and electrical properties to be tailored.
I. INTRODUCTION
Indium tin oxide (ITO) has been widely used as a transparent conductor in optoelectronic devices, such as light emitting diodes, solar cells, liquid crystal displayers, etc. ITO thin films can be prepared by a variety of methods, including electron beam evaporation, 1 sputtering, 2 chemical vapor deposition, 3 sol-gel process, 4 and spray pyrolysis. 5 It has been reported that ITO films could have a high transmittance (∼90%) in the visible range, as well as a low electrical resistivity (∼10 −4 ⍀cm). 6 Recently, low-refractive index ITO fabricated by oblique angle deposition (OAD) has been reported to enhance the light extraction from GaN-based light emitting diodes in various ways, such as omnidirectional reflectors, 7 conductive distributed Bragg reflectors, 8 and graded index antireflection coatings. 9 
OAD
7-17 is a method to deposit thin films with porous microstructures. Figure 1 shows a schematic of OAD. The incident vapor flux arrives at the substrate at an oblique angle ␣. At the initial stage of deposition, the randomly deposited particles cast shadow areas on the substrate and prevent contact with the incident flux. Because of this self-shadowing effect and limited adatom mobility, the incoming vapor particles deposit on the existing nucleus preferentially, and the columns in the OAD film are also inclined at a column angle ␤. Generally, column angle ␤ is less than the flux incident angle ␣ and follows the empirical tangent rule tan␤ ‫ס‬ 1/2 tan␣ for small ␣ 15 ; or the cosine rule ␤ ‫ס‬ ␣ − arcsin[(1 − cos␣)/2] for large ␣.
16
By controlling the vapor flux incident angle and substrate rotation, it is possible to tailor the microstructure on the nanometer scale in three dimensions. Spiral posts 17 can be fabricated by rotating the substrate holder with the following sequence: (i) deposit a layer with thickness of L/m without rotating the substrate (L is the spiral pitch, m is the spiral polygonal parameter); (ii) substrate rotates 360°/m at a fast speed; (iii) repeat steps (i) and (ii) for another m-1 times to finish the desired spiral pitch L.
In this work the optical and electrical properties of ITO thin films, with "tilted" and "eight-square spiral" microstructures deposited at flux incident angles of 0°, 40°, 60°, and 80°, were investigated. The influence of the flux incident angle on the refractive index, extinction coefficient, porosity, and resistivity of the films are discussed.
II. EXPERIMENT
The ITO films were deposited by electron beam evaporation using the OAD technique. Glass (B270) and Si (100) wafer substrates were placed at a distance of 36 cm directly above the crucible pocket. The glass substrates were ultrasonically cleaned and dried before loading them into the chamber. The deposition rate and thickness of the film were measured in situ by using a quartzcrystal sensor, which was placed near the substrate. ITO pellets (SnO 2 : In 2 O 3 ‫ס‬ 90: 10 wt%) were used as the source.
First, the chamber was pumped to a background pressure of 6 × 10 −7 Torr. During the deposition, the chamber pressure increased to 2 × 10 −5 Torr. The deposition rate was set to 0.3 nm/s. Various flux incident angles (0°, 40°, 60°, and 80°) and substrate rotation schemes (no rotation for tilted films and eight deposition-rotation cycles for eight square spiral films) were used to control the columnar microstructure in the films. During the deposition process, the substrates were not heated. After evaporation, the samples were annealed in the atmosphere (1 atm) at a temperature of 500°C for 30 min, and then optical and electrical measurements were carried out.
The ITO films deposited on silicon wafers and glass substrates were used for structural and optical analysis, respectively. The cross sectional and surface morphology of the films were investigated using a scanning electron microscope (SEM). The optical transmittance of the films on the glass substrates was measured using a spectrophotometer (Cary 500, Varian, Palo Alto, CA) in the wavelength range of 300 to 800 nm. The refractive indices and extinction coefficients were measured using an ellipsometry (Nanoview Co., Ansan, South Korea, MG-1000). The sheet resistances, R s , were measured using a Schuetz Messtechnik (Teltow, Germany) MR-1 type four-point resistive probe.
III. RESULTS AND DISCUSSION
The cross sectional and top view SEM images of the ITO films are shown in Fig. 2 . It can be seen from the cross-sectional SEM images that the intercolumnar pore is opened and increases with the increase of flux incident angle. As the flux angle increases to 80°, the columns become increasingly separated and clearly distinguishable. The tilted sample exhibits slanted columns, while the spiral sample exhibits spiral columns. The microstructures were formed because of the self-shadowing effect and limited adatom mobility during the oblique deposition. The porous structures can also be seen in top view SEM images. It is obvious that the voids in the films become more and larger when deposition angle varies from 0°to 80°.
The column inclination angle ␤ measured from the cross-sectional SEM images for tilted ITO film are 15°, 27°, and 41°at the flux incident angle ␣ of 40°, 60°, and 80°, respectively. It should be noted that the measured column angles are smaller than those predicted by the empirical tangent rule tan␤ ‫ס‬ 1/2 tan␣ or cosine rule␤ ‫ס‬ ␣ − arcsin[(1 − cos␣)/2], as shown in Fig. 3 .
FIG. 2. (continued)
The deviation from the empirical rules may be caused by a mixture of effects of deposition conditions (deposition rate, chamber pressure, etc.), substrate warming up during deposition, and flux vapor angular distribution (estimated to be 2°).
The optical transmittance spectra of the OAD ITO films are shown in Fig. 4 . The fringes in the curves are induced by constructive and destructive interference of the incident light between the air-film and film-glass interfaces. The oscillation frequency depends on the refractive index and film thickness. The OAD ITO films show high transmittance in the visible range.
The refractive indices, extinction coefficients of all the OAD ITO films were determined by ellipsometry. Then, the scattered refractive indices and extinction coefficients were fitted by the Cauchy model:
where A1, B1, C1, A2, B2, and C2 are the fitting parameters in the model. The fitted refractive indices and extinction coefficients are shown in Figs. 5(a) and 5(b), respectively. In Fig.  5(a) , the refractive index of the film decreases as the flux incident angle is increased. The refractive index of a porous material is determined by the porosity and the refractive index of dense material. The decrease of refractive index in OAD ITO films can be ascribed to the increasing porosity as shown in SEM images. In Fig.  5(b) , the extinction coefficient also decreases as the flux incident angle increases, consistent with the increasing film porosity. This phenomenon indicates that scattering loss in the porous OAD ITO film is small compared with the intrinsic material absorption. It seems that optical constants for 80°deposited films are much lower than those we expected, which may be possible for highly porous status but thought to be some errors related to surface scattering of light during the measurement. Further investigation is required to clarify it.
In Fig. 5 , spiral samples show slightly smaller refractive index and extinction coefficient than tilted ones deposited at the same angle. In the top view SEM images for OAD ITO films deposited at 80°, as shown in Figs. 2(f) and 2(l), the diameter of columns is smaller and there are more voids for the spiral sample, compared with the tilted sample. So the spiral samples are more porous than tilted ones deposited at the same angle, which can explain spiral samples show smaller refractive index and extinction coefficient.
It is known that the tilted films are anisotropy, the refractive indices along the directions parallel (n ) and perpendicular (n ⊥ ) to the tilting plane were extracted by analyzing p-and s-polarized transmittance and reflectivity spectra using the envelop method. The birefringence Y. Zhong et al.: Optical and electrical properties of ITO thin films with tilted and spiral microstructures prepared by oblique angle deposition ⌬n ‫ס‬ n − n ⊥ is about 0.002 for 40°deposited tilted sample and 0.025 for 60°deposited tilted sample. The result for an 80°deposited tilted sample could not be extracted for poor interference fringe.
The porosity of the OAD ITO films (V Air , the volume fraction of air) was calculated using the following equation 7 :
where n 0 is the refractive index of the dense ITO (n 0 ‫ס‬ 2.06) and n is the effective refractive index of the porous OAD ITO measured by ellipsometry. Figure 6 shows the refractive indices at 460 nm and porosities of the films with different flux incident angles. The refractive index at 460 nm decreases from 1.97 to 1.21 as the flux incident angle is increased. The porosity of the films is increased with increasing incident angle and reaches 77% for the film deposited at 80°with spiral microstructure.
The film resistivity was evaluated by using
where R s is the sheet resistance measured by a four point probe and d is the thickness of the film obtained from the SEM measurement. All of the samples were annealed in the atmosphere (1 atm) at 500°C for 30 min. The resistivity measurement was performed for 5 different points along two directions in the substrate plane, error bars are shown in Fig. 7 . Because of the anisotropy structure, tilted films have larger resistivity along the column tilting direction. The electrical property is rather homogenous for spiral films. The resistivity increases dramatically with increasing flux incident angle, spanning three orders of magnitude among the samples. Similar results have been reported for oblique angle deposited bilayers of titanium over silica 11 and chromium film. 13 This dramatic increase is also related to the increased porous microstructure with increasing flux incident angle, as shown in Fig. 2 . As the flux incident angle becomes larger, more voids are introduced into the film. The grain boundary potential also increases. The film resistivity increases because the probability of an electron scattering at the grain boundary with higher potential increases. 13 In the worst situation (for the films deposited at large flux incident angle), the voids even isolate the ITO nanocolumns from each other [see Figs. 2(e), 2(f), 2(k), and 2(l)] and obstruct the available conduction paths considerably. This is the reason why the resistivity is increased sharply when the flux incident angle varies from 60°to 80°. As indicated before, there are a few more voids for the spiral samples, compared with the tilted ones. The current blocking effect is much more serious for the isolated ITO columns, which induced the spiral sample deposited at 80°and has a resistivity over 1000 m⍀-cm. The problem of high resistivity must be considered when extremely low refractive index ITO films are used in transparent and conductive applications.
IV. CONCLUSIONS
The optical and electrical properties of "tilted" and "spiral" ITO thin films prepared by oblique angle deposition were investigated. The samples were electron beam evaporated at flux incident angles of 0°, 40°, 60°, and 80°. The optical constants show that both refractive index and extinction coefficient decreased with increasing flux incident angle. For the electrical properties, the resistivity of the films increased as the flux incident angle was increased. The change tendencies for both the optical and electrical properties are attributed to the porous microstructural feature of the OAD ITO films. These microstructures are formed because of the self-shadowing effect and limited adatom mobility during the oblique deposition. Larger flux angle leads to higher selfshadowing effect, and induces larger column angle and higher porosity of thin film. In this way, the optical and electrical properties of ITO film could be engineered continuously in a wide range by adjusting the OAD flux incident angle and the substrate rotation scheme.
